Introduction
The Philadelphia (Ph) chromosome derives from the t(9;22)(q34;q11) and leads to a BCR-ABL1 rearrangement. 1 The incidence of this chromosomal change in acute lymphoblastic leukemia (ALL) increases with age, being detected in 25% of adults and in about 50% of elderly patients. 2 Prior to the advent of tyrosine kinase inhibitors, the outcome of Ph+ ALL patients was extremely poor, [3] [4] [5] and the only T o shed light onto the molecular basis of Philadelphia chromosome-positive acute lymphoblastic leukemia and to investigate the prognostic role of additional genomic lesions, we analyzed copy number aberrations using the Cytoscan HD Array in 116 newly diagnosed adult patients with Philadelphia chromosome-positive acute lymphoblastic leukemia enrolled in four different GIMEMA protocols, all based on a chemotherapy-free induction strategy. This analysis showed that patients with Philadelphia chromosome-positive acute lymphoblastic leukemia carry an average of 7.8 lesions/case, with deletions outnumbering gains (88% versus 12%). The most common deletions were those targeting IKZF1, PAX5 and CDKN2A/B, which were detected in 84%, 36% and 32% of cases, respectively. Patients carrying simultaneous deletions of IKZF1 plus CDKN2A/B and/or PAX5 had a significantly lower disease-free survival rate (24.9% versus 43.3%; P=0.026). The only IKZF1 isoform affecting prognosis was the dominant negative one (P=0.003). Analysis of copy number aberrations showed that 18% of patients harbored MEF2C deletions, which were of two types, differing in size: the longer deletions were associated with the achievement of a complete molecular remission (P=0.05) and had a favorable impact on disease-free survival (64.3% versus 32.1% at 36 months; P=0.031). These findings retained statistical significance also in multivariate analysis (P=0.057). KRAS deletions, detected in 6% of cases, were associated with the achievement of a complete molecular remission (P=0.009). These results indicate that in adults with Philadelphia chromosome-positive acute lymphoblastic leukemia a detailed evaluation of additional deletions -including CDKN2A/B, PAX5, IKZF1, MEF2C and KRAS -has prognostic implications and should be incorporated in the design of more personalized treatment strategies. possibility of a cure was allogeneic stem cell transplantation (HSCT), when feasible. 6, 7 The introduction of tyrosine kinase inhibitors, administered with low doses or without chemotherapy during induction, followed by consolidation chemotherapy and HSCT has markedly improved the management and outcome of adult Ph+ ALL patients, with survival rates at 5 years now approaching 50%. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Different biological features -the type of fusion transcript (i.e. p190 or p210), 18 the persistence and/or reappearance of minimal residual disease (MRD), 19, 20 additional genomic deletions (particularly IKZF1, and to a lesser extent CDKN2A/B and PAX5 [21] [22] [23] [24] ) -and the presence of mutations at relapse are associated with a worse outcome. [25] [26] [27] However, a broad and refined biological algorithm that could help to optimize treatment strategies and define better whether some patients could be spared intensive treatment, including HSCT, has so far not been proposed.
To this end, in the present study we investigated copy number aberrations (CNA) in 116 newly diagnosed adult Ph+ ALL patients to identify additional molecular lesions with the aim of improving patients' stratification and management.
Methods

Experimental strategy
Bone marrow and/or peripheral blood samples from 116 patients (Table 1 ) with newly diagnosed Ph+ ALL enrolled in four GIMEMA (Gruppo Italiano Malattie EMatologiche dell'Adulto) trials were analyzed (Online Supplementary Table S1 ). The study was carried out in four phases (Online Supplementary Figure S1 ): (i) CNA analysis of 116 samples by Cytoscan; (ii) multiplex ligation-dependent probe amplification analysis; (iii) validation of MEF2C deletions by digital droplet (dd) polymerase chain reaction (PCR); and (iv) MEF2C and KRAS mutational screening.
This 
Results
Copy number aberration analysis
CNA analysis revealed 7.8 aberrations/patient (range: 0-28), the majority being losses (88%) with only 12% gains, both spanning from whole chromosomes to focal lesions; 22, 23, [30] [31] [32] no differences were recorded among trials ( Figure 1A ).
Gross chromosomal lesions were found in 42% of cases: the majority were losses of chromosome 7 (18.1%), followed by monosomy of chromosome 9 or 9p deletion (9%) and gain of 1q (7.7%) ( Figure 1B , Online Supplementary Table S3 ). Smaller deletions -limited to one to three genes and defined as focal -were found in 56% of cases.
The most frequently deleted region involved the 7p12 cytoband comprising IKZF1 22, 23, 33, 34 which was detected in 97 cases (84%).
PAX5 was deleted in 43 patients (36.2%), while 37 (31.9%) had deletions of CDKN2A/B. MLLT3, BTG1, BTLA, CD200 and RB1 were deleted in 30, 27, 21, 17 and 16 cases, respectively (25.9%, 23%, 18.1%, 17.2%, 14.6%, and 13.8%) ( Figure 1C ).
IKZF1 deletions (ΔIKZF1) occurred together with CDKN2A/B and/or PAX5 deletions in 45/97 cases (46.4%) and are defined as ΔIKZF1+CDKN2A and/or PAX5 ( Figure  1D ): this subset displayed similar lesions to those recently described by Stanulla and colleagues. 35 With regard to potential interactions, we found a significant association between IKZF1 and PAX5 deletions (P=0.01), but not with CDKN2A.
Multiplex ligation-dependent probe amplification confirmed IKZF1, PAX5, CDKN2A, BTG1, EBF1, ETV6 and RB1 lesions, and allowed evaluation of IKZF1 isoforms. These isoforms were grouped into four classes: 24, 36 wildtype, dominant-negative (comprising Δ4-7 cases, 29.8%), haploinsufficient (including all cases harboring a deletion that involves exon 2 -i.e. Δ2-7, Δ2-8, Δ2-3, Δ1-3 -or the whole gene, 57.7%) and miscellaneous (remaining cases, 11.3%).
Identification of novel lesions
CNA analysis highlighted additional genomic lesions ( Table 2, Online Supplementary Table S4 ). We focused in particular on MEF2C and KRAS deletions since these had prognostic significance (see below). MEF2C deletions were detected in 21 patients (18.1%) and differed in size. According to the length of intron 1-2 losses, deletions were grouped into two categories. One category -detected in 14 cases (67% of MEF2C deleted cases) -was characterized by a larger minimal common region (6.2 Kb) involving introns 1-2 and exon 2 (the first codifying exon), Additional genomic lesions in adult Ph+ ALL haematologica | 2019; 104 (2) 313 defined ΔMEF2C-long. The other category, detected in seven patients, was smaller (5.4 Kb) and involved only exon 2, and was called ΔMEF2C-short (Figure 2A ). ddPCR confirmed MEF2C lesions in all cases. No MEF2C mutations were identified. KRAS deletions (ΔKRAS) were detected in seven cases (6%); the focal lesion of KRAS started in the 5' untranslated region and ended in intron 1-2, involving the first noncodifying exon ( Figure 2B ). The minimal common region consisted of 135 Kb. KRAS was not affected by mutations.
Impact of known and novel deletions on complete molecular response achievement and disease-free survival
We did not find significant differences between patients with ΔIKZF1 and IKZF1 wild-type cases with regard to achievement of complete molecular response (CMR) or disease-free survival (DFS) (Online Supplementary Figure  S2) . Further stratification according to IKZF1 isoforms showed that patients with the dominant-negative isoform had a lower DFS rate (23.3%; P=0.039) compared to patients with the other isorforms, particularly wild-type (53.3%; P=0.016) and haploinsufficient cases (40.3%; P=0.015); the DFS rate of the miscellaneous group (34.1%) did not differ significantly from that of the dominant-negative cases ( Figure 3A ). These differences were not statistically significant in the overall survival analysis ( Figure  3B ).
We also investigated the outcome of ΔIKZF1+CDKN2A and/or PAX5 cases. The CMR rate did not differ between ΔIKZF1+CDKN2A and/or PAX5 and ΔIKZF1-only cases; contrariwise, ΔIKZF1+CDKN2A and/or PAX5 patients had a significantly worse DFS than ΔIKZF1-only cases (43.3% versus 24.9%; P=0.026) ( Figure 3C ) and an inferior overall survival (62.6% versus 40.2%; P=0.02) ( Figure 3D ).
The presence of ΔMEF2C-long was associated with a higher rate of CMR achievement (P=0.05); this effect was not influenced by the protocol or the tyrosine kinase inhibitor used (imatinib or dasatinib). Furthermore, ΔMEF2C-long cases were also associated with a signifi-
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Prognostic impact of known and novel genomic lesions in univariate and multivariate analyses
In univariate analysis, ΔMEF2C-long and ΔKRAS had an impact on CMR achievement, while ΔMEF2C-long and ΔIKZF1+CDKN2A and/or PAX5 influenced DFS (Table 3) .
In multivariate analysis for CMR, performed taking into
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account white blood cell count, age, tyrosine kinase inhibitor use and the genomic lesions described above, the only factor that retained statistical significance was ΔKRAS (P=0.01); a trend was noted for ΔMEF2C-long deletions (P=0.075) ( Table 3) . In multivariate analysis for DFS, considering ΔMEF2C-long, ΔIKZF1+CDKN2A and/or PAX5, white blood cell count and CMR as variables, the factors that had a negative impact were ΔMEF2C-long (P=0.057) and white blood cell count (P=0.05), while a trend towards a worse DFS was observed for ΔIKZF1+CDKN2A and/or PAX5 (P=0.089) ( Table 3) . HSCT did not affect the prognostic role of the above-mentioned lesions.
Discussion
The management of adults with Ph+ ALL currently relies on the use of first, [8] [9] [10] [13] [14] [15] [16] second 11, 12 and third 37 generation tyrosine kinase inhibitors, either alone [9] [10] [11] [12] or in combination with chemotherapy, 8, [13] [14] [15] [16] 37 followed -if feasible and necessary -by HSCT. These approaches have greatly improved the outcome of Ph+ ALL: nowadays, virtually all patients -independent of age -achieve a complete hematologic remission, coupled to a CMR in a variable proportion of cases. Nonetheless, in all reported studies the long-term outcome is in the range of 50% at 5 years; thus, additional prognosticators capable of better stratify-
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ing patients into high-and low-risk categories are urgently needed to further optimize treatment. Moreover, another unsolved issue is whether all eligible patients should undergo HSCT, 7,17 a procedure still associated with shortand long-term side effects, as well as treatment-related mortality. This is particularly important for patients who obtain a CMR.
To address these issues we sought to identify additional genomic lesions with prognostic significance in adult Ph+ ALL using high density Cytoscan arrays. We found that adult Ph+ ALL patients carried an average of 7.8 aberrations each, with deletions outnumbering gains, in line with other ALL subsets. 22, 30, 38, 39 Macro-aberrations were identified in 48% of cases and micro-aberrations in the majority of patients: among the latter, the most frequent was ΔIKZF1, which was detected in 84% of cases. ΔIKZF1 has been regarded as a poor prognostic marker in both childhood and adult ALL. 34, 36, [39] [40] [41] This finding was not, however, confirmed in our cohort: in fact, the presence of ΔIKZF1 alone was not associated with a worse DFS. A further evaluation of the various IKZF1 isoforms showed that only the dominant-negative genotype was deleterious for outcome. In addition, patients with ΔIKZF1+CDKN2A and/or PAX5, accounting for almost half the ΔIKZF1 cases, experienced a significantly inferior DFS (P=0.005) and overall survival (P=0.02), in line with previous reports on ALL in general. 28, 29, 36, 39, 42, 43 ΔIKZF1+CDKN2A and/or PAX5 also had a prognostic impact in multivariate analysis; survival analysis was carried out merging all cases enrolled in the different trials together in order to gain statistical significance.
Recently, studies have been focused on the presence of additional karyotypic aberrations in Ph+ ALL. [44] [45] [46] [47] [48] These studies have highlighted that a high percentage of Ph+ ALL cases (60-80%) harbor additional chromosomal abnormalities, with the most frequent aberrations involving chromosomes 7, 9, and 14. Patients with additional abnormalities, particularly loss of 9/9p and/or CDKN2A, have a worse outcome. These results point to the importance of screening for other molecular markers, and not only IKZF1, in agreement with our findings on ΔIKZF1+CDKN2A and/or PAX5. At variance from these reports, our study also identified novel lesions that had a favorable impact on outcome. Among these, it is worth mentioning ΔMEF2C, which occurred in 18.1% of patients and was of two sizes, a long deletion, encompassing introns 1-2 and exon 2, and a second, smaller one, involving only exon 2. MEF2C is a transcription factor involved in B-cell survival and proliferation whose overexpression is associated with an unfavorable prognosis in T-ALL and acute myeloid leukemia. [49] [50] [51] [52] In our study, the presence of ΔMEF2C-long was associated with achievement of a CMR (P=0.05) and with a significantly better DFS compared to the remaining cases (P=0.031) also in a multivariate model; as for IKZF1 deletions, survival analysis was performed merging the whole cohort because of the sample sizes. ΔMEF2C-long was widely distributed among cases, with no association with white blood cell count, age, type of fusion protein or additional deletions. To our knowledge, this is the first report that correlates ΔMEF2C-long with prognosis in Ph+ ALL: Martinelli et al. 40 and Mullighan et al. 22, 41 described ΔMEF2C in Ph+ ALL, but did not demonstrate a correlation with outcome. Finally, ΔKRAS was associated with a higher rate of CMR achievement upon induction (P=0.01), but not with a better DFS.
In conclusion, we show that additional genetic lesions can be found at presentation in adult Ph+ ALL patients and that these lesions have prognostic significance, with the IKZF1 dominant-negative isoform and ΔIKZF1+CDKN2A and/or PAX5 negatively affecting outcome, and ΔMEF2C and ΔKRAS being instead associated with a more favorable prognosis. Screening for these genetic lesions should, therefore, be performed at the time of diagnosis for a more refined prognostic stratification, and for a more personalized and tailored management of Ph+ ALL patients.
